Abstmet-A polarization independent narrow channel (PINC) wavelength division multiplexing (WDM) coupler for 1.55 pm has been designed based on the birefringent properties of fused single-mode couplers. The couplers are made so that they are highly overcoupled so that the coupling coefficient-length products for the two orthogonal coupler polarizations are H out of phase for input wavelengths near 1.55 p n . The resulting wavelength separation between adjacent maxima and minima of the coupled power is on the order of 22 nm. The devices have been packaged in an environmentally insensitive casing, and show minimal variations in coupling characteristics with changing pressure and temperature.
I. INTRODUCTION
OUPLING in fused single-mode fiber couplers is wave-C length dependent, and this property can be used to realize optical fiber wavelength division multiplexing (WDM) components [ 11-[3] . WDM couplers operating at transmission channel wavelengths of 1.3 and 1.55 pm, corresponding to the fiber attenuation minima and to emission wavelengths of readily available laser transmitters, are commercially available. These devices exhibit typical losses of <0.5 dB with channel crosstalk of -16 dB.
For a long-haul fiber bidirectional or duplex transmission system, link length between repeaters is limited by the fiber attenuation at 1.3 pm, which is typically 0.4 dB/km. If the system was designed so that the laser transmitters operate near the minimum attenuation wavelength at 1.55 pm, where the loss is typically 0.2 dB/km, the link length could be increased significantly. To take advantage of the minimum attenuation near 1.55 pm, and to allow for the potential use of erbium-doped fiber optical amplifiers which are under development, the WDM channel separation should be less than 50 nm. This amount of wavelength separation is achieved in fiber couplers if they are strongly over-coupled, that is, their coupling lengths are long and they exhibit many power transfer cycles along their length. For such large coupling lengths the polarization birefringence of the coupler becomes increasingly significant, and it is the birefringence that can limit the achievement of low values for the channel crosstalk. Demonstration of WDM couplers with channel spacings as small as 100 nm in the wavelength region near 1.3 pm has been reported in [4] . For these devices the number of power transfer cycles is 10, and the worst-case crosstalk value was determined to be -18 dB, which again, is limited by the polarization birefringence of the coupler. Manuscript received July 16, 1990 . The authors are with the Electronic Materials Sciences Division, Naval IEEE Log Number 9042361.
Ocean Systems Center, San Diego, CA 92152.
In this paper we report on the fabrication, optical characterization, and environmental sensitivity of polarization independent narrow channel (PINC) WDM couplers, made from both conventional single-mode fiber (SMF) and dispersion shifted fiber (DSF), optimized for operation near 1.55 pm. The couplers are designed so that the coupling coefficient-length products for the two orthogonal polarizations are a out of phase, resulting in the same value for the fraction of coupled power for both polarizations. In order to achieve this polarization dependent phase difference, these couplers are even more highly coupled than those in [4]. As a result, the typical channel separation is 22 nm, with some control over the exact value obtained by selection of the specific fabrication method. As a result of the long coupling lengths required, these couplers have very small crosssectional dimensions, typically on the order of IO pm (see Fig.  l) , and therefore the packaging of these couplers for stable operation over extreme variations in environmental conditions is critical. In this paper we report on the design and fabrication of PINC WDM fused fiber couplers for 1.55 pm, and on their performance with respect to wavelength, input polarization, pressure, temperature, and humidity.
COUPLING THEORY AND PINC WDM DESIGN
The coupler consists of a pair of single-mode fibers which have been fused together over a certain length, and then elongated and tapered [ 5 ] . As shown in Fig. 1 , this process produces a cross-sectional shape which varies along the fused length, making a transition from a weakly fused region at the beginning of the taper where the fibers are just touching to a highly fused region at the center of the taper where the fibers form an elliptical cross section. A complete theory of coupling, including wavelength and polarization dependences, must take into account this continuous variation of the cross-sectional shape and dimensions, but this is beyond the scope of this paper. Various coupling theories based on simplified models have been proposed in the literature, and certain qualitative features of the coupling characteristics can be obtained from these models and are presented here.
A theory presented in [6] proposed that an optical signal, launched into one of the input fibers, escapes from the fiber core in the tapered fiber input and excites the lowest order symmetric and antisymmetric modes of the waveguide formed by the fused fiber section and the surrounding medium, which in this case is air. These modes interfere along the length of the fused fibers and produce a coupler output field whose amplitude depends on the difference between the propagation constants of the two modes and the length over which the fibers are coupled. Be-U.S. Government work not protected by U.S. copyright cause the propagation constants and their differences are not equal for the x and y polarizations due to the cross-sectional asymmetry, the coupler exhibits birefringence [7] - [ IO] . Therefore, in general, the fraction of coupled power will not be the same for the two polarizations. This also means that for unpolarized light, which characterizes laser signals which have propagated over appreciable lengths in fibers, an efficient low crosstalk WDM coupler, which requires 0 and 100% coupling at the two transmission wavelengths, cannot be realized unless special designs are implemented which negate the effect of the coupler birefringence.
The design of the PINC WDM coupler can be derived from a simple mathematical treatment of the coupled-power relations. Following the approach in [9], if a light signal with power Po = Pox + Po! is launched into one of the coupler input ports, then the output powers P, and P, are given by The coupling coefficients for the two polarizations C, and C, are obtained by integrating the difference in the mode propagation constants along the effective length L of the coupler.
Their values are determined by the coupler cross-sectional dimensions, the refractive indexes of the fibers and the surrounding medium, and by the wavelength of the launched signal. As shown in Fig. 1 , the coupler cross-sectional shape and dimensions, and hence the local value of the coupling coefficient, vary significantly along the coupler length. Approximate expres- , and from these approximate expressions, a linear dependence on wavelength for the coupling coefficient is found for each of the cross sections. This linear dependence is also confirmed experimentally.
In the above expression the optical power has been expressed in terms of the x and y components to allow for the general case where the input light can have any degree of polarization. If the input power is equally divided between the two polarizations, then Pox = Po, = $Po, and the output powers are given by
The difference C., -C,. is small compared to C, and C,, and for small values of L , cos (C, -C,,) L = 1. For large values of L this difference cannot be neglected, and its effect is clearly observable as a polarization modulation envelope of PI and P, as a function of the elongation of the fused fibers during manufacturing. A typical experimental plot of P , as a function of coupler elongation for a wavelength of h = 1.55 pm is shown in Fig. 2 . Note that for this coupler there are many values of the elongation for which (C, + C,) L = Na (where N = a positive integer), which would result in a relative maximum or minimum in the coupled power. If the elongation were stopped at any of these points the coupler would function as a WDM, with one of the channel wavelengths at the wavelength of the source used for the input signal during fabrication. The second channel wavelength would depend on the value of N , with smaller channel spacings resulting from larger values of N . If the channel spacing is large, as in the case of a 1.3/ 1.55 pm WDM, where N = 5 for our fabrication apparatus, the polarization effects are small. As N increases the coupled power at a minimum increases while at a maximum it decreases, and therefore for larger N (smaller WDM channel separation) the crosstalk of the coupler increases. This effect is given as the limiting factor in achieving narrow channel WDM couplers in [4] , where a minimum channel spacing in the 50-to 100-nm range was obtained. If the coupler elongation is made long enough, it is possible to reach the maximum in the polarization envelope where (C, -C,.) L a, and nearly complete coupling can be obtained even for unpolarized light inputs. (In Fig. 2 , the recorded signals do not reach 0 and 100% at the envelope maximum due to the combination of the rapid variation of the signal for large values of the elongation and the limited response time of the detection instrumentation, and due to the use of a multimode laser diode input signal.) We have found experimentally that this condition occurs for values of N = 70, and that the resulting polarization independent wavelength separation for these couplers is approximately 22 nm, making these devices suitable for WDM operation in the 1.55-pm fiber minimum attenuation window.
COUPLER FABRICATION
The PINC WDM couplers are made in our laboratory using a computer controlled system and procedures described previously [12], [13] . An oxygen-propane torch is positioned under a pair of fibers mounted in a pulling jig which holds the fibers in contact along their length without any twisting of the fibers. The torch tip dimensions are 3 mm in the direction parallel to the fibers and 0.25 mm in the transverse direction. Initially, the torch is positioned directly under the center line of the fiber pair, and toggled -t3 mm along the length of the fibers at a rate of 0.4 mm/s. At the same time the fibers are elongated at a rate of 20 pm/s. The extended torch nozzle length and the toggling result in a longer fused length with better heating uniformity. After a period of time, the flame is gradually withdrawn from the fibers and positioned at a predetermined distance from the fibers. This serves to gradually reduce the temperature of the fibers as they are elongated such that the fibers remain plastic, yet do not deform due to overheating during the elongation process. The fusing times, gas flow rates, pull rates, torch positions, and toggle rates have all been determined empirically for our apparatus. A similar "flame brush" method has been reported in [ 141.
In order to realize a PINC WDM for 1.55 pm, a laser diode emitting at 1.55 pm is coupled to one of the input fibers of the coupler during fabrication, and the output power is monitored. The torch is withdrawn and the elongation is stopped at the point where the a phase difference condition, as indicated by the coupled-power envelope maximum, is satisfied. It is not necessary to terminate the coupling process so that exactly 0 or 100% coupling occurs. Instead, the wavelength dependence of the coupler can be measured after fabrication, and two laser transmitters, whose wavelengths match the coupler 0 and 100% coupling wavelengths, can be selected for operation with the particular coupler. This is feasible in that the emission wavelengths of individual InGaAsP laser diodes typically vary over a range from 1.52 to 1.57 pm. Alternatively, if sufficient control of the fabrication process exists, one of the WDM transmitters can be used as the input laser during fabrication and the coupler elongation could be stopped precisely at the appropriate value in the a phase region corresponding to 0 or 100% coupling. It would then only be necessary to select the second transmitter to match the second channel wavelength of the coupler. We have been able to fabricate couplers using this method. The coupler extension can be programmed to terminate just before the coupling maximum, and then the elongation can be incremented step-wise until the maximum is reached. It should be noted that the fabrication process does allow for some limited control over the wavelength spacing between successive coupling maxima and minima. We have been able to vary the channel spacing from 18 to 25 nm, while maintaining the ?r phase difference condition, simply by varying the torch toggle length. Therefore, the coupler fabrication process could be adjusted so that, given the values of the transmitter wavelengths, the coupler wavelength channels would match exactly.
After fusing, while the fibers are still in the pulling jig, a fused silica-rod substrate (approximately 3 mm square by 50 mm long) is positioned underneath the fibers. The fibers, just beyond the fused portion, are fixed to the substrate using a ceramic cement. The cement is cured, the fibers are released from the pulling jig, and the substrate is mounted in a stainless steel casing. The casing is made by machining a cavity in a square stainless steel rod to accept the coupler substrate. The rod is 6 mm square by 70 mm long, and the wall thickness of the cavity is 1 mm. Slots, 1.5 mm wide, 1 mm deep, and 6 mm long are made in the ends of the casing for the fiber leads. Ceramic cement is applied to the substrate to fix it in the casing, and also to the fiber leads in the slots. A fitted stainless steel lid is then sealed to the casing using an epoxy resin, which is also applied in the fiber slots to form a pressure resistant seal. We have found that fixing the fiber leads in the end slots with ceramic cement is necessary to prevent deformation of the coupler leads under pressure. When only the epoxy is used, the coupler loss increases significantly under pressure due to bending of the input leads between the end slots and the substrate where the fused fiber section is cemented.
Although all the performance features of the couplers reported in the next section have been obtained using the casing design described above, we have begun fabricating couplers in a much smaller cylindrical tube package, measuring only 3 mm in diameter by 50 mm long. The initial tests of these devices are encouraging, and we expect that performance similar to that of the larger couplers will be obtained.
IV . COUPLER CHARACTERISTICS
Spectral coupled power measurements are made by launching monochromatic light into one lead of the coupler under test. Chopped light from a tungsten-halogen lamp is focused onto the entrance slit of a 0.5 m,f/8.6, Ebert scanning monochromator. With a 590 groove/" grating and order-sorting filter, the monochromator has a spectral range from 1000 to 1800 nm, and a bandpass of 1.3 nm for a slit width of 400 pm. The exit slit is imaged through a Glan-Thompson polarizer onto one of the coupler input leads. The polarizer can be omitted for an unpolarized coupler input, or oriented to provide a linearly polarized input signal. It was found that by using a short (10 cm) input lead to the coupler, a high degree of polarization is maintained, and inputs polarized along either the x or y axis could be launched into the coupler. The coupler output signals are synchronously detected by two germanium photodiodes coupled to lock-in amplifiers, and recorded by a computer controlled dataacquisition system synchronized to the wavelength scan.
A plot of the output powers P, and Pz versus wavelength for a 1.55-pm PINC WDM with an unpolarized input is shown in Fig. 3 . The coupler was made with SMF using a torch toggle of +3 mm. In this figure the interaction between the wavelength and polarization dependences of the coupling coefficient is clearly evident. Only for the wavelength region near 1.55 pm does the coupling approach 0 and 100% as required. Also from this figure, the WDM wavelength channel spacing is measured to be 22 nm, and the nearly linear dependence of the coupling coefficient on wavelength is evident. Similar curves are obtained for DSF PINC WDM couplers.
The explicit dependence of the spectral coupling character- istics on polarization for a 1.53-pni PINC WDM is shown in Fig. 4 , which is a plot of the coupled power versus wavelength for input signals which are polarized parallel ( x ) and perpendicular ( y ) to the plane of the fused fibers. The achievement of the required a phase difference between the coupling coefficient-length products for the two polarizations, resulting in nearly equal coupled power at 1.53 pm, is confirmed by the near coincidence of the curves in this wavelength region. Coupler crosstalk was measured by setting the monochromator to a wavelength corresponding to a minimum coupled power signal for an unpolarized input, and measuring the ratio of coupled power to the total coupler output power. For a monochromator bandpass of 1.3 nm, the best couplers had crosstalk values < -25 dB. Loss for these couplers was measured using a standard cut-back method, and was found to be typically 0.2 dB, and for the best couplers, < 0.1 dB.
As mentioned previously, it is possible to control the WDM channel wavelength separation and still maintain the T phase difference condition. This is done with our apparatus by varying the length of the fusing torch toggle, while keeping all other fabrication parameters constant. A shorter torch toggle increases the degree of fusing at the central region of the fused length of the fibers, causing a cross-sectional shape which is more highly fused over the effective length of the coupler. It can be shown from the coupling model developed in [9] that for spacing has increased to 23 nm. Although our present equipment configuration limits the range of toggle lengths, we are able to vary the channel spacing over a range from 18 to 25 nm, and it is reasonable to assume that a greater range could be achieved by this method if the fabrication equipment were appropriately modified. The process of varying the torch toggle length to control the channel spacing is apparently equivalent in effect to the method described in [4] , in which the effective torch size is varied by changing the flow settings for the flame gases. (We have found that this approach reduces the control over the flame temperature and yields results which are less reproducible than those of the varying toggle method.)
V. ENVIRONMENTAL SENSITIVITY OF PINC WDM
The extremely small coupler cross-sectional dimensions ( = 10 pm) and the long coupling length ( = 30 mm) present a difficult problem with respect to the packaging of the coupler. If the coupling coefficient and/or the coupler length vary in response to an environmental perturbation, the WDM coupler channel wavelengths will also vary, and this will result in increased channel crosstalk. To determine the environmental stability of the packaged couplers, their response to pressure, temperature, and humidity was measured by placing the coupler in the appropriate environmental test chamber, and recording the variation of the spectral characteristics of the output powers as a function of the change in the environmental parameter. From these data the expected operational performance of the PINC WDM in potentially extreme conditions can be predicted. Pressure sensitivity of the PINC WDM couplers was measured using a variable pressure test apparatus. Spectral scans of the coupled power were made at atmospheric pressure and at 7 MPa (1000 psi) increments, up to 70 MPa. Fig. 7 shows the recorded wavelength response for a typical 1.55-pm PINC WDM coupler at atmospheric pressure and at 70 MPa. It can be seen that no measurable deviation in the spectral coupling characteristics is observed. This behavior is typical of most of the couplers which have been fabricated and packaged according to the above methods. In early tests, a small percentage of couplers did fail either gradually with increasing pressure, or catastrophically at certain pressures, but these failures have been identified as resulting from flaws in casing or end seal designs for these couplers. In the new designs this situation has been corrected. To measure the sensitivity of the PINC WDM couplers to changes in temperature and humidity, the couplers were placed in an enclosed chamber which could be cooled or heated. The humidity was not varied independently, but was recorded as the temperature was changed. The range of temperatures which were available with this apparatus was -10 to +60°C, and the corresponding humidity values varied from 90 to I O % , respectively. Unpolarized light from the monochromator was injected into one of the coupler inputs. The monochromator wavelength was set at one of the WDM wavelengths for which the coupler was designed; this results in minimum output power at one coupler output and maximum power at the other output. The recorded outputs (values near 0 and loo%), as a function of temperature, at a fixed wavelength corresponding to one of the transmitter wavelengths, are shown in Fig. 8 . It can be seen that the temperature sensitivity of the WDM is minimal. The monochromator wavelength was then set to a wavelength approximately midway between the WDM channel wavelengths so that equal power outputs were present, and the variation of the power with temperature was recorded (values near 50%), as shown in Fig. 8 . For this wavelength setting, the outputs vary linearly with the coupling coefficient, and therefore recording the variation of power with temperature gives a more sensitive measure of the temperature dependence of the WDM channel wavelengths. From these data the variation of channel wavelength with temperature is found to be less than 0.02 nm/"C. Fig. 8 . Output power ratios as a function of temperature for an unpolarized monochromator input signal at one of the PINC WDM channel wavelengths (0 and 100% coupling ratio curves), and at a wavelength midway between the two channel wavelengths (approximately 50% coupling ratio curves).
VI. CONCLUSIONS A polarization independent narrow channel (PINC) wavelength division multiplexing (WDM) fiber coupler for operation in the 1.55-pm wavelength region has been developed. These devices are fabricated so that the coupling coefficient-length products for the two orthogonal polarization inputs to the coupler are out of phase by a factor of a. This results in equal coupling for both polarizations. The resulting wavelength channel separation for the PINC WDM couplers is typically 22 nm, with some control over this value, over the range from 18 to 25 nm, obtained by selecting the appropriate fabrication conditions. The measured loss and crosstalk for the couplers are as low as 0.1 and -25 dB, respectively. A coupler packaging design has been developed which minimizes the environmental sensitivity of the devices. Pressure dependence up to 70 MPa and temperature dependence over a range from -10 to +60"C have been measured, and no significant variation in coupler wavelength response is observed.
